Background: Although mammographic breast density is associated with the risk of breast cancer and is influenced by hormone levels, the effects of tamoxifen on breast density in healthy women and whether tamoxifen-induced density changes are associated with breast cancer risk are unclear. We investigated mammographic breast density in healthy women with an increased risk of breast cancer at baseline and during 54 months of tamoxifen treatment. Methods: Mammograms were reviewed from 818 breast cancer-free women (388 in the tamoxifen group and 430 in the placebo group) at high risk for breast cancer, from the International Breast Cancer Intervention Study I, a trial of tamoxifen for breast cancer prevention. Breast density measurements, at baseline and during treatment, were obtained at 12-to 18-month intervals. Multivariable analysis was used to assess associations with breast density. All statistical tests were two-sided. Results: Breast density at baseline was similar in placebo (42.6%, 95% confidence interval [CI] ‫؍‬ 39.6% to 45.6%) and tamoxifen (41.9%, 95% CI ‫؍‬ 38.8% to 45.0%) groups. The main determinants of breast density at baseline were age, menopausal status, body mass index, and previous atypical hyperplasia. A greater density reduction in the tamoxifen group (7.9%, 95% CI ‫؍‬ 6.9% to 8.9%) than in the placebo group (3.5%, 95% CI ‫؍‬ 2.7% to 4.3%) was apparent within 18 months of treatment (P<.001); the reduction in density continued until 54 months of treatment. After 54 months of tamoxifen treatment, breast density was 28.2% (decrease from baseline ‫؍‬ 13.7%, 95% CI ‫؍‬ 12.3% to 15.1%; P<.001) in the tamoxifen group and 35.3% (decrease from baseline ‫؍‬ 7.3%, 95% CI ‫؍‬ 6.1% to 8.4%; P<.001) in the placebo group. The tamoxifen-associated density reduction was apparent in all subgroups, but there was a statistically significant interaction with age. In women aged 45 years or younger at entry, the net reduction with tamoxifen was 13.4% (95% CI ‫؍‬ 8.6% to 18.1%), whereas in women older than 55 years, it was 1.1% (95% CI ‫؍‬ ؊3.0% to 5.1%). Conclusion: Tamoxifen 
It is now clear that tamoxifen can reduce the risk of breast cancer by 30%-40% among women at high risk for breast cancer; however, tamoxifen has clinically significant side effects, and the overall risk-benefit ratio is still uncertain (1, 2) . It is also clear that tamoxifen prevents only estrogen receptor (ER)-positive breast cancer and has no effect on or slightly increases the incidence of ER-negative cancers (2) . Thus, it is important to define, as precisely as possible, a group of women at high risk of ER-positive breast cancer. Most attempts at defining a high risk for breast cancer have focused on family history, which typically has an attributable risk of 7%; however, breast density of more than 50%, as assessed radiologically, has a greater population attributable risk of approximately 30% (3) (4) (5) . In addition, breast density is increased by hormone replacement therapy and presumably affected by other hormonal stimuli (6) . Tamoxifen also reduces mammographic breast density in women already diagnosed with breast cancer (7) . Thus, the reduction in breast cancer incidence found with prophylactic tamoxifen may be at least partly explained by its effect on breast density, and monitoring breast density in an individual woman may indicate whether antiestrogenic interventions such as tamoxifen are likely to be effective for that woman. Further investigation of the relationship between tamoxifen and breast density, particularly in women who have not yet developed breast cancer is therefore of great interest. If changes in breast density were shown to correspond to changes in breast cancer risk, then breast density might be a useful surrogate end point in future prevention trials. Such a finding may also increase our understanding of the biology of breast cancer and its causes and may contribute to new preventive strategies.
During the International Breast Cancer Intervention Study I (IBIS-I), a trial of tamoxifen for breast cancer prevention, mammograms were obtained from all subjects at baseline and every 18 months during treatment. Although these mammograms were performed for screening purposes, they also documented changes in mammographic breast density during the course of treatment. In this study, we investigated the influence of tamoxifen treatment and other hormonal factors, family history of breast cancer, and anthropometric measures on mammographic density at baseline and during treatment in a subset of 818 healthy women at high risk of breast cancer from the IBIS-I chemoprevention trial. The important question of whether changes in density predict changes in risk is not addressed in this study but will be the subject of a later report.
SUBJECTS AND METHODS
The IBIS-I trial was initiated in 1992 to determine whether tamoxifen could prevent breast cancer in healthy women at high risk of developing the disease. To be eligible, a woman had to be aged 35-70 years with at least twice the population risk of developing breast cancer (1). The incidence of breast cancer in the placebo arm was 6.7 per 1000 person-years compared with a population risk for this age group of approximately 2.5 per 1000 person-years. Breast cancer risk was assessed by interview and was based primarily on a family history of breast cancer or proliferative benign breast disease. The 7152 healthy women who satisfied the eligibility criteria were randomly assigned to take either tamoxifen (20 mg/day) or placebo for 5 years (n ϭ 3578 and 3574 women, respectively) in a double-blind fashion. Initial results on reduction in the incidence of breast cancer have recently been reported (1) .
Baseline mammograms were required before randomization for all women. Additional mammograms were scheduled for 18, 36, and 54 months later and were read locally by radiologists at the participating centers. The primary aim of the mammography was early detection of breast cancer, so the quantitative assessments of breast density needed for this analysis were not immediately available. Mammograms from the eight largest recruiting centers were retrieved for density reading by a single consultant radiologist (R. M. L. Warren) and were digitized for future studies. The centers were in Aberdeen, Bristol, Cardiff, Edinburgh, London, Manchester, Nottingham, and Southampton. To be eligible for this study, women needed to have baseline, 18-month, and 54-month mammograms and be in full compliance with study medication. About 35% of the subjects were not eligible because their baseline mammographic examination was no longer available (usually because the screening service had destroyed it). We analyzed data from all 818 women (388 in the tamoxifen group and 430 in the placebo group; test for imbalance, P ϭ .14) from these centers who were free of breast cancer at the completion of treatment and who satisfied the above criteria. Written informed consent to use mammograms and medical records for research on breast cancer risk factors was obtained from each subject, and local ethics committee approval was obtained from all participating centers.
Mammographic breast density was assessed visually by a consultant radiologist (R. M. L. Warren) and classified according to the criteria set out by Wolfe (8) , Boyd et al. (9) , and Gram et al. (10) . The proportion of the breast composed of dense tissue, termed breast density, was also estimated and expressed as a percentage of total breast area (to the nearest 5%). Thus, in effect, a 21-point categorical scale was used. In this report, we used only the raw percent density and the Boyd classification scale (6) , which categorizes percent density into the following groups: A ϭ 0%, B ϭ 1%-10%, C ϭ 11%-25%, D ϭ 26%-50%, E ϭ 51%-75%, and F ϭ 76%-100%. The mammograms for each woman were sorted by date and were read in batches for 20 women at a time. The mammograms for each woman were viewed consecutively, commencing with the baseline film, in sessions lasting approximately 40 minutes per batch. This mammographic examination reading was done without knowledge of treatment group or other potential predictive factors. To assess the reproducibility of these readings, a subset of mammograms from approximately 70 women from Manchester were read separately by a specially trained research nurse (E. Pinney). The two sets of readings showed very good agreement, with correlation coefficients of .91 for the baseline readings, .88 for readings at 18 months, and .74 for readings at 54 months. There was a substantial difference in opinion in only one case, which resulted from an underexposed film. Measures of the change in density over the first 18 and 54 months of treatment also showed good correlation between readers ( ϭ .66 and ϭ .89, respectively).
Statistical Analysis
Breast density was not normally distributed. The distribution was bimodal with observations being concentrated around 0 and Boyd class E (51%-75% dense). Breast density was also not a truly continuous variable because it was measured on a 21-point scale quantized by 5% increments in density. Because we were primarily interested in the effect of tamoxifen on reduction in breast density, we excluded women with baseline densities at or below 10% at entry from those analyses involving changes in breast density.
The univariate and multivariable logistic regression analyses examined associations between baseline breast density [dichotomized into breast density groups of Ͻ50% or Ն50% (4)] and age at first birth, body mass index, age at entry to the study, age at menarche, menopausal status at entry, predicted familial relative risk (RR) of developing breast cancer within the next 10 years, history of previous breast biopsy, history of benign breast disease (proliferative disease with or without atypical hyperplasia), hormone replacement therapy use, and smoking status. The predicted familial relative risk of death from breast cancer within 10 years (relative to the corresponding population risk) was calculated with a model for predicting individual breast cancer risk developed by Tyrer et al. (11) and divided into three categories: low (RR Յ2), moderate (RR from Ͼ2 to Յ3), and high (RR Ͼ3). The importance of each variable was assessed with the likelihood ratio test (deviance) in univariate and multivariable models. We also investigated whether the absolute change in breast density (between entry and the end of the trial) was related to the above variables (including treatment group) by use of linear regression. In this case, model fit was assessed quantitatively with the r 2 measure (i.e., the proportion of the variation in the data explained by the model) and visually with appropriate residual plots. This analysis was repeated with an adjustment for breast density at the start of the trial.
A series of Student's t tests were carried out to investigate whether the magnitude and strength of the tamoxifen effect on breast density varied for specific subgroups of women. All statistical tests were two-sided.
RESULTS
Baseline hormonal, familial, and anthropometric characteristics of all 818 subjects, by treatment group, were well balanced between treatment arms ( Table 1) . Details of the number of subjects in each treatment group by Boyd scale at baseline and at the end of the study are given in Table 2 . The mean breast density at baseline was 42.6% (95% CI ϭ 39.6% to 45.6%) for the placebo group and 41.9% (95% CI ϭ 38.8% to 45.0%) for the tamoxifen group. By the 18-month follow-up mammogram, breast density had fallen to 39.1% (decrease from baseline ϭ 3.5%, 95% CI ϭ 2.7% to 4.3%; PϽ.001) in the placebo group and 34.0% (decrease from baseline ϭ 7.9%, 95% CI ϭ 6.9% to 8.9%; PϽ.001) in the tamoxifen group, statistically significant differences. After approximately 54 months of treatment, breast density was 28.2% in the tamoxifen group (decrease from baseline ϭ 13.7%, 95% CI ϭ 12.3% to 15.1%; PϽ.001) and 35.3% in the placebo group (decrease from baseline ϭ 7.3%, 95% CI ϭ 6.1% to 8.4%; PϽ.001) (Fig. 1) . Thus, the mean breast density for both tamoxifen and placebo groups fell over the entire course of the study, but the reductions were greater in the tamoxifen group than in the placebo group (PϽ.001).
Increases in breast density were rare and generally small. A large increase in breast density (e.g., moving up two Boyd categories) was observed in only two women, both of whom were in the placebo group and were taking hormone replacement therapy throughout the study period. Fig. 2 shows baseline breast density by age. The mean breast density expected 5 years after trial entry in the absence of treatment was estimated from the baseline data; the mean density at entry within each of the four older age groups (46 -50 years, 51-55 years, 56 -60 years, or Ͼ60 years) was weighted by the number of women in the preceding 5-year age group to give
where M is the expected density after 5 years, i is the ith 5-year age group, P is the population, and D is the density by 5-year age group. Breast density in the placebo group at the end of the study was, on average, 35%, which is consistent with the effect of aging 5 years, leading to a breast density of 37%. The expected reduction in breast cancer risk associated with the density reduction was estimated for the tamoxifen arm. The relative risk of 1.43 per density category observed by Boyd et al. (9) corresponds to a relative risk of 1.018 per percentage point of breast density. Thus, if we assume that the cross-sectional data apply to changes in density, an additional 6% reduction in density with tamoxifen would predict an 11% reduction in breast cancer risk in the tamoxifen arm. Use of individual relative risks for each Boyd category (9) gave a similar reduction.
The results from the univariate and multivariable logistic regression models for breast density at entry to the trial are summarized in Table 3 . Body mass index, age at entry to the trial, menopausal status, predicted familial relative risk of developing breast cancer by the Cuzick-Tyrer method (11), previous breast biopsy examination, and smoking status were statistically significant variables in the univariate and multivariable models. Body mass index is inversely related to the risk of having high breast density (in the 25.01-30 kg/m 2 category, odds ratio [OR] ϭ 0.40, 95% CI ϭ 0.27 to 0.61; in the Ͼ30 kg/m 2 category, OR ϭ 0.22, 95% CI ϭ 0.14 to 0.35). Age at entry had an independent effect that, even after adjusting for menopausal status, was particularly apparent for women older than 55 years whose breast densities were substantially lower than those of younger postmenopausal women. Surprisingly, women with the highest predicted familial relative risk of developing breast cancer were less likely to have high breast density than those with low-to-moderate predicted risks. We also found that high breast density was less common in current (OR ϭ 0.60, 95% CI ϭ 0.40 to 0.91) and former (OR ϭ 0.79, 95% CI ϭ 0.56 to 1.13) smokers compared with never smokers, which has been observed before and is in keeping with the known antiestrogenic action of smoking (13) . A history of breast biopsy examination was associated with increased breast density. This result was strongly influenced by women with atypical hyperplasia (OR ϭ 20.2, 95% CI ϭ 2.35 to 174; P ϭ .006), but women with nonproliferative benign breast disease (OR ϭ 1.88, 95% CI ϭ 1.23 to 2.77) or proliferative disease without atypical hyperplasia (OR ϭ 1.56, 95% CI ϭ 0.65 to 3.73) have a moderately increased risk of high breast density as well.
Results from the linear regression models examining the association between breast cancer risk factors and the change in breast density during the trial (54 months from entry) for women with baseline density above 10% are given in Table 4 . A positive coefficient indicates that the given variable category is associated with a greater decrease in breast density than the baseline category. The largest effect is associated with taking tamoxifen, where the mean reduction in breast density was 7.75% (PϽ.001). Smaller reductions in breast density and a smaller effect of tamoxifen were associated with postmenopausal status than with premenopausal status (Table 4 and Fig. 3 ). The effect (20) of tamoxifen treatment on breast density varied little between the univariate and multivariable models, suggesting that this effect is robust.
Results from the multivariable analysis indicate that a body mass index of 25 kg/m 2 or less, stopping hormone replacement therapy during the study, and smoking during the study were also associated with the greater reductions in breast density. Smoking was associated with low breast density at entry and a greater reduction in density during the study period. This observation may be attributable to the ongoing antiestrogenic effect of smoking during the study period. A model was also constructed by adding baseline density to the variables. Breast density at entry to the trial had a statistically significant effect on the change in density (PϽ.001). In this model, body mass index was no longer statistically significantly associated with breast density, but other coefficients, including the effect of tamoxifen, were essentially unchanged. Additional Student's t tests were carried out to determine whether the observed effects of tamoxifen on density applied equally to all subgroups of women. Estimates of the mean reduction in breast density with tamoxifen in different subgroups and the corresponding confidence intervals are shown in Fig. 3 . In all cases, tamoxifen treatment was associated with reductions in density, but such reductions tended to be smaller in older and postmenopausal women. The interaction of breast density with age was statistically significant (PϽ.001). In women aged 45 years or younger at entry, the net reduction with tamoxifen was 13.4% (95% CI ϭ 8.6% to 18.1%), whereas in women older than 55 years, it was 1.1% (95% CI ϭ Ϫ3.0% to 5.1%). The differences in breast density associated with other subgroups showed no consistent patterns. Fig. 1 . Mean breast density at baseline, 18 months later, and 54 months later by treatment group. Significance levels for the difference (in terms of reduction in breast density from baseline) between the treatment groups are PϽ.001 at 18 months and PϽ.001 at 54 months. The 95% confidence intervals for follow-up are for differences from baseline. All statistical tests were two-sided.
Fig. 2.
Mean breast density at entry to the study and 95% confidence intervals, by age group. 60 (14) 54 (13) 76 (18) 91 (21) 103 (24) 46 (11) 78 (20) 48 (12) 74 (19) 98 (25) 73 (19) 17 (4) 388 (100) *Boyd category is defined as percent of area of the breast on the mammogram that is composed of dense tissue: A ϭ 0%; B ϭ 1%-10%; C ϭ 11%-25%; D ϭ 26%-50%; E ϭ 51%-75%; F ϭ 76%-100%.
Although the identified breast cancer risk factors appear to have a clear influence on breast density, their inclusion in the multivariable model jointly account for just 17% of the total variation in the baseline density. It therefore seems likely that other unknown factors also influence breast density.
DISCUSSION
In women whose initial breast density was greater than 10%, we found an average reduction in breast density, in addition to that attributable to aging, of about 8% after approximately 5 years of tamoxifen use. The reduction was greater in younger premenopausal women and in women with a low body mass index for whom baseline breast density values were typically higher. The reduction associated with tamoxifen remained highly statistically significant after adjustment for other variables predictive of breast density, and the reduction was greater than that of any of the other factors examined. These results are consistent with previous findings that tamoxifen reduces breast density in women with breast cancer (7) and with the observations that reduced breast density is associated with other antiestrogenic stimuli such as isoflavones (14 -15) , and increased breast density is associated with hormone replacement therapy (6) .
Postmenopausal status, increased age, and smoking status were associated with lower breast density, a result consistent .03 *All variables were considered for inclusion in the multivariable model. Missing entries indicate no statistically significant effect in the multivariable model. All statistical tests were two-sided. CI ϭ confidence interval; -ϭ data not available.
with the effects of these variables on estrogen levels (13, 15, 16) . In keeping with other reports (17), we also observed reduced density in women with a high body mass index, which is probably the result of greater fatty replacement in breasts of women with more adipose tissue. An unexpected observation was the association between a high familial risk of developing breast cancer within the next 10 years and a lower breast density (P ϭ .02), which was not lost when adjustments for other factors were made in the multivariable model. High breast density was associated more strongly with a familial risk of breast cancer in Table 4 . Estimated change in breast density from the univariate and multivariable regression models for breast cancer risk factors from 641 women with baseline breast density of Ͼ10%* ‡Not considered for inclusion in the multivariable model; Boyd category is defined as percent of the area of the breast on the mammogram that is composed of dense tissue: A ϭ 0%; B ϭ 1%-10%; C ϭ 11%-25%; D ϭ 26%-50%; E ϭ 51%-75%; F ϭ 76%-100%. All other variables were considered for inclusion in the multivariable model. Missing entries indicate no statistically significant effect in the multivariable model. All statistical tests were two-sided.
the lowest tertile than with a familial risk of breast cancer in the highest tertile (OR ϭ 0.45, 95% CI ϭ 0.25 to 0.80; P ϭ .006). This result is surprising because a family history of breast cancer and high breast density are well established risk factors for developing breast cancer and because dense breasts are often observed in women with BRCA1 mutations (18) . It is possible that women with a family history of breast cancer may develop cancer by a different molecular pathway (e.g., ER-negative tumors in BRCA1 cancers) that is unrelated to breast density (19, 20) or to estrogen levels. This hypothesis is highly speculative, however, and these results require further confirmation.
The increase in density associated with a previous biopsy is consistent with the increased risk of breast cancer associated with such a history, especially because the highest densities were found in women with atypical hyperplasia (21, 22) . Women with atypia had a relatively large drop in density on follow-up, but there was no apparent interaction with tamoxifen.
The association of density with other risk factors for breast cancer, notably age at menarche and age at first birth, was less marked in our study than in other studies (some of which were larger than our study) that looked at a population at normal risk for breast cancer (10, 15) . The lack of association in our study may be the result of insufficient power. Age at menarche showed no association with breast density at baseline, but the reduction in density was greater in women who underwent menarche when younger than 13 years.
The marked reduction in breast density associated with tamoxifen treatment is of particular interest for future chemoprevention studies. It also provides justification for the use of breast density as an entry criterion for breast cancer chemoprevention trials (23) . The marked reduction in breast density associated with tamoxifen treatment also suggests the possibility of using a change in breast density as an intermediate or surrogate end point for breast cancer in chemoprevention trials. Our results indicate that approximately two-thirds of the total reduction in breast density attained with tamoxifen over the 5-year period occurred within the first 18 months, which suggests that breast density may be a potential early marker of efficacy. It may be that failure of a chemopreventive agent to change breast density will provide an early indication that the preventive strategy for the women in question is not effective. However, the change in density associated with tamoxifen predicted only one-third of the reduction in the incidence of breast cancer seen in the prevention trials, suggesting that tamoxifen has additional preventive activity not reflected in its effect on breast density.
The observed changes in breast density associated with tamoxifen were greatest in women who were premenopausal at entry. Premenopausal estrogen levels are higher, so the relative antiestrogenic effect of tamoxifen is greater, thus explaining its effect on density. However, the prevention trials indicate that the ability of tamoxifen to reduce breast cancer risk appears to be independent of age (2), so the clinical significance of greater reductions in breast density in younger women is unclear. They may be related to bringing about an earlier menopause or may not be permanent. Further studies are needed to establish whether breast density reverts to its age-specific population level after cessation of tamoxifen treatment.
Two important questions remain to be answered: First, is the effect of tamoxifen on breast density reversed when treatment stops? Second, is the tamoxifen-induced reduction in density associated with a reduction in breast cancer risk at the individual level? Both of these questions are the subject of ongoing research, the first by determining the mammographic density 1-2 years after the completion of treatment and the second by use of a nested case-control study within IBIS-I. Fig. 3 . Mean change in breast density (95% confidence intervals) with tamoxifen (measured from baseline to 54 months) in subgroups of other risk factors (n ϭ 641 women with baseline breast density of Ͼ10%). Negative values reflect decreased breast density; positive values reflect increased breast density. "All" represents overall unstratified reduction in percent density with tamoxifen. PD ϭ proliferative breast disease; AH ϭ atypical hyperplasia; HRT ϭ hormone replacement therapy.
